A high molecular weight polysaccharide was isolated from Bacillus megaterium ATCC 192 13 cultured on a fructose mineral salts medium. This polymer was a heteropolysaccharide composed of D-glucose, D-xylose, D-galactose and L-arabinose in molar concentrations of 7.7 : 1.1 : 1 .O : 0.6, respectively. The polysaccharide neither bound concanavalin A nor formed a coloured complex with iodine, distinguishing it from many of the glucans isolated from other sporeformers. The concentration of the polymer decreased during forespore development, suggesting that it served as a carbon storage compound for use during formation of the spore.
INTRODUCTION
Many of the polysaccharides produced by spore-forming bacteria have been previously characterized. Barry et al. (1953) , Goldemberg (1972) , Slock & Stahly (1974) and Strasdine (1 968) described intracellular polysaccharides isolated from Bacillus megaterium, Bacillus stearothermophilus, Bacillus cereus and Clostridium botulinum, respectively, which were similar in that each was a glycogen or amylopectin-like polymer composed solely of glucose. Each of these polysaccharides was hydrolysed by an amylase, and each reacted with iodine to yield a coloured complex with an absorption maximum near that reported for iodine complexes of amylose, amylopectin or glycogen. Aubert (1 95 1) isolated, from Bacillus megaterium KM, a heteropolysaccharide composed of D-glucose, D-galactose and D-ribose that was extractableswith boiling water, and therefore assumed to be capsular material. Tinelli (1955) reported that the carbohydrate concentration of B. megaterium KM decreased by 40% between stationary phase and the appearance of phase-bright spores, while the poly-8-hydroxybutyrate concentration decreased by 36% during the same period. This indicated that both of the polymers were used as sources of carbon and energy during sporulation. Slock & Stahly (1974) showed that the glucose content of B. cereus strain T increased during the early stages of sporulation and then decreased as the spores matured, suggesting that the B. cereus glucan was serving as a carbon and energy source during sporulation.
The present study describes a heteropolysaccharide produced by B. megaterium ATCC 1921 3 and its use as a source of carbon and energy during sporulation.
nitrosogunidhe. After incubation at 30 "C for 60 min, the cells were pelleted, washed twice with sterile 0435% (w/v) NaCl, and resuspended in 25 ml FMS. The culture was then incubated at 30 "C for 90 rnin with agitation at 200 r.p.m., after which the cells were diluted with 0.05 M-phosphate buffer (PH 7.2) and plated on trypticase soy agar supplemented with 1 % (w/v) sucrose. After incubation at 30 "C for 24 h, less-mucoid colonies were picked and examined for the presence of capsule in wet mounts prepared in dilute India ink. Those colonies which were composed of cells surrounded by small capsules were propagated in 10 mi FMS before being layered onto a 70%, 60%, 40% 30%. 20% (v/v) discontinuous Renogra6n-76 gradient (E. R. Squibb & Sons, Princeton, NJ, USA) and centrifuged at 200001 for 60 rnin in a swinging-bucket rotor. The cells at the 7040% interface were removed and grown on FMS. A smallapsule mutant, designated BLC-1, was isolated by this procedure. The mutant strain was identical to the parent strain with respect to biochemical reactivity, phage and antibiotic susceptibility, and growth characteristics. The parent strain was surrounded by capsules 1.2 pm thick, whereas BLC-I was surrounded by capsules 0.3 pm thick.
Pofysuecbrae extrocricur. k i l l u s megateriun, cells were harvested at late-exponential growth phase and were
I@
by two passes through a French pressure cell (pressure > 1400 kg
The large particulate matter was removed by centrifugation at 50001 for 10 rnin at 0 "C and discarded. The supernatant was extracted with an equal volume of 0.1 ~-a q u e~~~ phenol at 60 "C as described by Wicken et ul. (1973) . Three volumes of ethanol (-20 "C) were added to the a~ueous layer, and the resulting precipitate was collected by centrifugation at 20000 g for 10 min at 0 "C and lyophilized. Nucleic acids were removed by dissolving 0.5 g of the lyophilized precipitate in 100 ml distilled water at 4 "C. The pH was then lowered to 3.5 by the addition of acetic acid, and 0.35 volumes of ethanol were added. The resulting precipitate (primarily nucleic acids) was removed by centrifugation at 200006 for 10 min at 0 "C and discarded. The soluble polysaccharide remaining in the supernatant was precipitated by the addition of 3 volumes of ethanol (-20 "C) and 2.0 m-NaCl(6nal umccntration). The resulting precipitate was designated acid-purified B. megoreriwn polysaccharide (ABMP).
CoIumn gel arabinose, mribose, wtrehalose, M8ffimogc, Dacoxyribose, cellobiose and D-xylose) and BMP (1Omg) were hydmlysed with 1 m14 wHCl at 100 "C in DOC~Y) and treated as described by Sweeley et al. (1966) . Trimethylsilyl derivatives of Dducose, -, D-fructosc, ~-arabixuxe and D-xylose were also used as standards without being subjected to the hydrolysis p d u r e . Samples (1 or 2 pl) were passed through a silanized 0.3 175 x 182 cm stainless steel d u m n packed with 8% Silicone SE-30 on Gas Chrom Q in a Varian Aerograph Series 2700 gasliquid chromatograph at a flow rate of 30 ml N2 gas min-l at 155 "C.
Anuk'yrkd Mefhuds. Culture turbidity was determined by using a Klett-Summerson photoelectric calorimeter equipped with a number 54 6lter. Tdal carbohydrate concentration was determined by the anthrone method of Ashwell (1957) . Protein and nucleic acid were assayed by the 230/260 nm method of Kalb & Bemlohr (1977) using a Gilford model 2400 spectrophotometcr. Organic phosphate was assayed as described by Ames (1966) . Peptides were mtasufcd by reaction with ninhydrin (Moore & Stein, 1948) after alkaline hydrolysis (Hirs, 1967) . Amino acids within the peptides were identified and quantified on a B&man model 116 amino acid analyser after hydrolysis with 6 wHC1 (mineral-free) at I10 "C for 24 h and drying over KOH in t~cldo.
Absorption spectra of iodinopolysaccharide complexes were measured after mixing polysaccharide (1 mg ml-I) with an equal volume of 095 M-12/@10 M-KI solution. The binding of concanavalin A (Con-A) was done by dissolving 1 mg polysaccharide and 1 mg Con-A (Sigma) in 5 ml0-05 x-phosphate buffer (PH 7.2) and incubating at ambient temperature for 1 h, then at 4 "C for 24 h. After incubation, the precipitate was removed by centrifugation, and the concentration of unprecipitated Con-A remaining in the supernatant was determined
Utilitotion of BMP. At intervals throughout the growth and sporulation of B. megaterium, 400-700 ml of culture were removed and the bacteria separated from the medium by centrifugation at 6OOO g for 10 min at 0 "C. Samples (10 ml) of cell-free medium were dial@ for 3 d against five changes of distilled water (10 1 each) at 4 "C. After dialysis, the total carbohydrate amcentrationsofthe solutions were determinedbythe anthrone method (Ashwell, 1957) . Bacteria were washed once with distilled water, and the volume of the final pellet was recorded before samplfs wcre removed to determine bacterial dry weight. To measure the content of polymeric glucose, 1.8 ml cell slurry was mixed with 0-2 ml conc. H2S0, and heated at 1 10 "C for 3 h. After adjustment of the pH to 6.5 by the addition of 1 m14 x-NaOH and 0-3 m12 x-Tris buffer, the polymeric gluwse wntent of the cells was determined using a glucose oxidase-peroxidase kit (Sigma) as described in Sigma Technical Bulletin no. 510. The glucose concentration of the cells was also measured before hydrolysis as a co~lttol.
Gae-liquid ~b~t~e p l r y .
Carbohydrate standards (amylase, glyc~gen, D-gluoose, D-galactose, D-fructose, L-
RESULTS AND DISCUSSION
The ABMP was resolved into a polysaccharide fraction and a peptide fraction by chromatography through Bio-Gel A 1.5 m (Fig. 1) . The polysaccharide, or BMP, eluted as a single peak at the void volume, indicative of a high molecular weight (> 1.5 x lo6). The peptide fraction was much less uniform and had a lower molecular weight. Analysis of the hydrolysed peptide fraction revealed the presence of alanine, glutamic acid, diaminopimelic acid and glucosamine in molar proportions of 2 : 1 : 1 : 0.5, respectively. These components were identical to, and in the same molar proportions as, those previously reported for B. mgaterium peptidoglycan (Ghuysen, 1968) . The BMP contained 0.5% nucleic acid, and no detectable protein. The relatively small quantity of organically bound phosphate (043%) indicated that the BMP was not teichoic acid.
In order to determine if the BMP was a capsular or an intracellular polymer, the isolation of BMP from the small-capsule mutant, BLC-1, was attempted. Concentrations of BMP representing 2.13 % and 2.35 % (w/w) of the cell dry weight were isolated from the parent strain and from the mutant BLC-1, respectively. This indicated that the BMP was probably an intracellular polymer. The trimethylsilyl derivatives of the monosaccharide components of BMP were identified and the relative quantities of each determined by gas-liquid chromatography. Four monosaccharides were evident, these being D-glucose, D-xylose, D-galactose, and L-arabinose in molar proportions of 7.7 : 1 -1 : 1 -0 : 0.6, respectively. The BMP isolated from both the parent strain and BLC-1 contained the same monosaccharides in similar molar proportions. These sugars together accounted for 97-1 % of the total weight of the polymer. A small amount of D-ribose (0.4%) was also found. It is unlikely that the D-xylose, D-galactose and L-arabinose components of the BMP arose as artefacts from the hydrolysis of a glucan, as glycogen, amylose and cellobiose hydrolysed in an identical manner as the BMP yielded no monosaccharides other than glucose.
Amylose, amylopectin and glycogen form coloured complexes with iodine which give characteristic absorption spectra (Kjolberg & Manners, 1962) . In order to determine if BMP was similar to any of these polysaccharides, absorption spectra of iodine complexes of BMP, potato amylose and oyster glycogen were obtained. It was noted that BMP did not form a coloured complex with iodine.
Todiscern if the BMP contained a-linked terminal glucose residues, it was tested for its ability to precipitate Con-A. The small amount of Con-A precipitated by BMP was considered to be insignificant (Table 1) .
Even though most sporeformers produce glucans (Barry et al., 1953; Goldemberg, 1972; Slock & Stahly, 1974; Strasdine, 1968) , Aubert (1951) described a heteropolysaccharide from B. megaterium KM that was composed of glucose, galactose and ribose, which he assumed to be of capsular origin. The BMP appeared to be different in both location and composition. The failure to form coloured complexes with iodine also indicates that the BMP was different from the glucans produced by other sporeformers. The relative inability of BMP to bind Con-A suggests that the polymer does not contain accessible a-linked terminal glucose residues, or that it is a long, unbranched polymer (Goldstein, 1972) .
The BMP polymer contains a large amount of organic carbon. To ascertain if the BMP functions as a carbon storage compound, the concentration of the polymeric glucose in cells and culture supernatants was determined throughout growth and sporulation (Fig. 2) . The concentration of polymeric glucose, and therefore presumably the concentration of BMP, increased sharply throughout exponential growth. During forespore formation the cellular concentration of BMP decreased sharply and stabilized as phase-bright spores appeared. Some BMP was gradually released into the medium as sporangia lysed. However, the total concentration of BMP decreased sharply during forespore formation. This suggests that the BMP was used as a source of carbon and energy for the formation of the spore, as has been shown to occur with glycans produced by other spore-forming bacteria (Slock & Stahly, 1974; Strasdine, 1968 ; Tinelli, 1955) .
